Abstract: Ligand K-edge XAS of an [Fe3S4] 0 model complex is reported. The pre-edge can be resolved into contributions from the µ2Ssulfide, µ3Ssulfide, and Sthiolate ligands. , respectively). This decrease in J, along with estimates of the double exchange parameter B and vibronic coupling parameter λ 2 /k-, leads to an S ) 2 delocalized ground state in the [Fe3S4] 0 cluster. The S K-edge XAS of the protein ferredoxin II (Fd II) from the D. gigas active site shows a decrease in covalency compared to the model complex, in the same oxidation state, which correlates with the number of H-bonding interactions to specific sulfur ligands present in the active site. The changes in ligand-metal bond covalencies upon redox compared with DFT calculations indicate that the redox reaction involves a two-electron change (one-electron ionization plus a spin change of a second electron) with significant electronic relaxation. The presence of the redox inactive Fe 3+ center is found to decrease the barrier of the redox process in the [Fe3S4] cluster due to its strong antiferromagnetic coupling with the redox active Fe2S2 subsite.
Introduction
Iron-sulfur clusters are found in the active sites of many metalloenzymes in both higher and lower organisms. Their main biological function is one-electron transfer. The most widely distributed active-site cluster types are mononuclear, in rubredoxins, binuclear, in plant ferredoxins and tetranuclear, in bacterial ferredoxin and HiPiP proteins. 1 The different structural motifs and the wide range in redox potential, from -650 mV to +500 mV, 2 make these proteins very versatile electron transport agents in biological systems. The electronic structures of these clusters have been studied using different spectroscopic techniques and DFT calculations. [3] [4] [5] In addition to the common Fe-S sites mentioned above, trinuclear [Fe 3 S 4 ] clusters are found in proteins such as ferredoxin II from D. gigas and ferredoxin protein from A. Vinelandii. 6, 7 In some cases their biological functions are not clear, but in the above proteins the [Fe 3 S 4 ] sites are believed to function in electron transport. These active sites have adjacent irons bridged by one µ 2 S sulfide ; all three iron atoms also share a µ 3 S sulfide ( Figure 1 ) and each iron atom has a terminal S thiolate bond. The oxidized cluster has three high spin ferric centers giving a spin frustrated S ) 1 / 2 state. 8 In the reduced state, a high spin ferric center S ) 5 / 2 is antiferromagnetically coupled to a valence delocalized [Fe 2 S 2 ] + S ) 9 / 2 subsite to give an S ) † Stanford University. Delocalization of the excess electron in the mixed-valence state is accompanied by a net ferromagnetic coupling between the iron centers leading to an S T ) 9 / 2 dimer ground state. 10 This phenomenon of spin alignment in mixed-valence systems with delocalized ground states is called double exchange in analogy to Kramer's superexchange mechanism. 12 The physical origin of double exchange as elucidated by Girerd, Münck, and co-workers and by Noodleman and Baerends is that electron delocalization leads to a loss of spin polarization energy for the antiferromagnetic but not for the ferromagnetic configuration. 13, 14 There are three interactions to consider between the magnetic centers in a mixed-valence pair, namely the above-mentioned double exchange (parametrized by B), superexchange (parametrized by J (using H ) -2JS 1 S 2 )), and vibronic coupling (Λ 2 / k -where Λ 2 /k -) 4π 2 c 2 Mυ -n(∆r) 2 , where M is the reduced mass of the x -mode, υ -is the frequency of the antisymmetric combination of breathing modes on both Fe, n is number of ligands, and ∆r ) metal-ligand bond length distortion with oxidation). The energies of the different spin states (S T ) are given by where x -is the dimensionless antisymmetric breathing mode of the [Fe 2 S 2 ] unit which may be an isolated cluster in case of plant ferredoxin or may be a part of a higher nuclearity cluster as in the case of bacterial ferredoxins and HiPIPs.
Superexchange leads to antiferromagnetic coupling, whereas double exchange leads to delocalization of the excess electron and thus ferromagnetic coupling. Vibronic coupling is the driving force for localization of the extra electron. The interplay among these three interactions leads to interesting potential energy surfaces for the spin states in the antisymmetric breathing mode x -. From eq 1, double exchange, as the driving force for electron delocalization, is more effective in the higher spin states (proportional to (S T + 1 / 2 )). Thus, strong superexchange, which leads to antiferromagnetic coupling and stabilization of the lower spin states, makes the double exchange less effective and thus decreases the tendency for electron delocalization.
It has been considered that the delocalization of the extra electron in the mixed-valence dimer subsites of [Fe 3 S 4 . Ligand K-edge X-ray absorption spectroscopy (XAS) provides a direct estimate of ligand-metal bond covalencies. 22 The primary transition at the ligand K-edge is the ligand 1sf4p transition. However, due to the covalent mixing of the ligand 3p orbitals into the partially occupied metal 3d antibonding orbitals of Fe, transitions to these orbitals from the filled ligand 1s orbital obtain absorption intensity as the intrinsic 1s f 3p transition of the ligand is electric-dipole allowed. The intensity of this transition depends on the ligand character in the 3d antibonding orbital (R 2 ), from which the covalency of the metal-ligand bond can be quantified according to
In eq 3, I(1s f L 3p ) is the transition moment integral or the intensity of a purely ligand 1s f 3p transition, which depends on the Z eff of the ligand. 23 Thus the pre-edge intensity provides a direct estimate of ligand-metal bond covalency. This method has been used in the past to investigate the electronic structures of mononuclear, binuclear, and tetranuclear iron-sulfur active sites in protein and relevant model complexes. 21, [24] [25] [26] In the present study, the S K- ] 0 cluster is evaluated using eqs 3 and 2 and combined with estimates of the delocalization and vibronic coupling in eq 1 to evaluate their contribution to electron delocalization in the [Fe 2 S 2 ] + subsite. The bonding of the model complex is compared to that of the resting protein in the same redox state to evaluate the effect of the protein environment on the bonding of the cluster. Finally, the changes in bonding upon oxidation, observed experimentally, are analyzed using geometryoptimized DFT calculations, and a possible role of the redoxinactive Fe 3+ center in this cluster is discussed.
Experimental Section
Sample Preparation. The model complexes [Et4N]3[Fe3S4(LS3)] and [Et4N]3 [Fe3Se4(LS3)] (where LS3 is 1,3,5-tris((3-mercaptophenyl)thio)-2,4,6-tris(p-tolylthio)benzene) were prepared according to published methods. 27 For XAS experiments, sample preparations were performed in a dry, nitrogen-filled anaerobic atmosphere glovebox. The samples were ground into a fine powder and dispersed as thinly as possible on sulfur-free Mylar tape. This procedure has been verified to minimize self-absorption effects. The sample was then mounted across the window of an aluminum plate. A 6.35 µm polypropylene film window protected the solid samples from exposure to air during transfer from the glovebox to the experimental sample chamber.
The protein was extracted and prepared as described in refs 28 and 44.The reduced protein solutions (in 100 mM phosphate buffer, pH 7.3-7.6) were pre-equilibrated in a water-saturated He atmosphere for ∼1 h to minimize bubble formation in the sample cell. The protein sample was oxidized before the experiments by using a 3-4-fold excess of potassium ferricyanide. The solution was then loaded via a syringe into a Pt-plated Al block sample holder sealed in front using a 6.3 µm polypropylene window.
Data Collection and Reduction. XAS data were measured at the Stanford Synchrotron Radiation Laboratory using the 54-pole wiggler beam line 6-2. Details of the experimental configuration for low energy studies and data reduction methods have been described in an earlier publication. 29 Fitting Procedure. Pre-edge features were fit using pseudo-Voigt line shapes (sums of Lorentzian and Gaussian functions). This line shape is appropriate as the experimental features are expected to be a convolution of a Lorentzian transition envelope and a Gaussian line shape imposed by the beam-line spectrometer optics. 30,31 A fixed 1:1 ratio of Lorentzian to Gaussian contribution successfully reproduced (45) Incomplete loading accounts for 7-10% of the observed change. This point is further illustrated by Figure S2 in the Supporting Information. The data clearly show the decrease in µ2Ssulfide contribution to the pre-edge of the reduced protein relative to the model complex even when the contribution of the µ 3Ssulfide of the protein is scaled to the contribution of that in the model complex to account for any incomplete loading. 
the pre-edge features. The rising edge functions were also fit with pseudo-Voigt line shapes. Good fits reproduce the data using a minimum number of peaks. There are three resolvable contributions in the pre-edge region of [Fe3S4(SR)3] sites: µ2Ssulfide, µ3Ssulfide, and Sthiolate (vide infra). Fits were performed using single peaks to simulate the pre-edge contributions of each component with a half-width of 0.6-0.7 eV. Fits were performed using both the same full width at halfmaximum (fwhm) for all contributions or by letting their fwhm vary independently. The later procedure did not significantly change the result. The energies of the pre-edge features of the reduced model complex and of the protein were allowed to shift by 0. The intensity of a pre-edge feature (peak area) is the sum of the intensity of all the pseudo-Voigt peaks which successfully fit the feature for a given simulation. The reported intensity values for both the model complexes and the proteins represent an average of all of the good pre-edge fits, which differ from each other by less than 5%. Complete coordinates of all models presented in the text are included in the Supporting Information. The S K-edge of the [Fe 3 Se 4 (LS 3 )] 3-complex has one pre-edge feature at ∼2471 eV, assigned to the envelope of transitions from only the 1s orbitals of the ligated S thiolate to the unoccupied metal antibonding orbital manifold. In both complexes, there are at least two distinct rising-edge features around 2473.5 and 2474.8 eV, corresponding to sulfur 1s f C-S σ* transitions of the two different types of C-S bonds (thiolate and thioether of the ligand, Figure 1 ). Due to the presence of the noncovalently bound thioether sulfurs in the ligand, the normalized XAS spectra have to be renormalized (by a factor of 13/7 for the sulfide complex and 3 for the selenide complex) to account for the fact that these additional thioether sulfurs contribute to the edge jump but not to the pre-edge transitions.
Results

A. S K-Edge
The second derivative of the S K-edge XAS of these model complexes (Figure 2 ) allows assignment of the specific types of S contributions to the pre-edge. The second derivative of the [Fe 3 Se 4 (LS 3 )] 3-S K-edge XAS (Figure 2 , dotted red line) data shows the presence of one feature at 2470.9 eV. Since the complex has only thiolate bound to the iron atoms, this feature corresponds to the thiolate 1s f Fe 3d (antibonding) transitions. The S K-edge XAS spectrum of [Fe 3 S 4 (LS 3 )] 3-shows the presence of multiple components in its pre-edge region of its second derivative (Figure 2 , dotted orange line). The highest energy pre-edge feature corresponding to the minimum in the 2nd derivative at 2471.0 eV can be assigned to the thiolate 1s f Fe 3d transitions due to its presence in the [Fe 3 Se 4 (LS 3 )] 3-complex. The µ 2 -and µ 3 S sulfide components contribute to the broad lower energy region in the asymmetric second derivative from 2468 to 2470 eV (Figure 2, dotted orange) .
To resolve the contributions for the µ 2 S sulfide and µ 3 S sulfide to the pre-edge the following procedure was applied. The pre-edge feature of the complex [Fe 4 S 4 Cl 4 ] 2-having all µ 3 S sulfide atoms ligated to Fe 2.5+ is at 2470.1 eV (Figure 3 dotted black) , while the pre-edge feature of the complex [Fe 2 S 2 Cl 4 ] 2-having all µ 2 S sulfide ligated to Fe 3+ is at 2469.5 eV (Figure 3, black line) . 21, 25 The observed shift in the pre-edge energy position (0.6 eV) has contributions from the difference in 1s orbital energy of µ 2 )] 3-. Thus the preedge contribution of µ 3 S sulfide should be at least ∼0.5 eV higher in energy than that of the µ 2 S sulfide in [Fe 3 S 4 (LS 3 )] 3-, as the transitions from both types of sulfides are to the same metal d-manifold.
The experimental spectrum was fit to obtain the pre-edge intensities of the µ 2 S sulfide , µ 3 S sulfide , and S thiolate components (Figure 4) . The integrated intensities of the fit (Table 2) give the covalencies of each type of Fe-S bond involved (total % hole covalencies divided by number of ligand-metal bonds). The average Fe-µ 2 sulfide, µ 3 sulfide, and S thiolate bond covalencies are 56%, 39%, and 36%, respectively. For [Fe 3 Se 4 (LS 3 )] 2-the average Fe-S thiolate bond covalency is 27%. The decrease in thiolate covalency in the Se model complex indicates that the sulfide is a poorer donor to Fe than selenide resulting in higher charge transfer from S thiolate in [Fe 3 S 4 (LS 3 )] 3-. This is also reflected in the pre-edge energy position of the S thiolate contribution in [Fe 3 S 4 (LS 3 )] 3-which is 0.1 eV higher than that for 
36
a Determined from the minima of the second derivative of the normalized S K-edge XAS of these complexes. Figure 5 . The resting protein spectrum (solid blue in Figure 5 ) shows a broad pre-edge feature similar to that of the model (solid orange in Figure 5 ) but with less intensity. The fit to the experimental reduced protein spectrum ( Figure  6b ) allows the intensity decrease to be distributed over the µ 2 S sulfide , µ 3 S sulfide and S thiolate components. The bond covalencies (Table 2) decrease from 55%, 32% and 36% in the model to 25%, 28% and 24% for the Fe-µ 2 S sulfide , Fe-µ 3 S sulfide , and Fe-S thiolate bonds, respectively, in the protein active site in the same oxidation state. Note that the decrease is largest for the µ 2 S sulfide and least for the µ 3 S sulfide . These results will be discussed in the context of protein effects on bonding.
A R T I C L E S
The S K-edge spectrum of the oxidized protein site shows an increase in pre-edge intensity relative to that of the reduced state (dashed vs bold blue, respectively, in Figure 5 ). Since oxidation involves creation of a hole, the pre-edge intensity is expected to increase. Based on the covalencies of the [Fe 3 S 4 ] 0 state (25%, 28%, and 24% for Fe-µ 2 S sulfide , Fe-µ 3 S sulfide , and Fe-S thiolate , respectively), the increase from 14 to 15 holes on oxidation should increase the covalencies to 27%, 30%, and 24%, respectively. However, the results of the fit (Table 2) show that the individual bond covalencies in the oxidized state increase by more than this factor (38%, 38%, and 38% for Fe-µ 2 S sulfide , Fe-µ 3 S sulfide , and Fe-S thiolate , respectively). Also DFT calculations (vide infra) on the resting [Fe 3 S 4 ] 0 form show that the redox active molecular orbital (RAMO) has no µ 3 S sulfide component (vide infra), while the experimental results show that the covalencies of all three components (µ 2 S sulfide , µ 3 S sulfide , and S thiolate ) increase on oxidation. These deviations from the ground state predictions may indicate that electronic relaxation is involved in the redox process in this cluster and this is evaluated below using DFT calculations. 26
Analysis
A. DFT Optimized Geometric and Electronic Structure. Geometry-optimized DFT calculations were performed on the truncated structure [Fe 3 S 4 (SMe) 3 ] 3-to correlate to the S K-edge data on the model complex. The optimized structure exhibits overall reasonable agreement with the reported crystal structure of the [Fe 3 S 4 LS 3 ] 3-model complex (Figure 7) . 27 The optimized structure shows a small expansion of the core, as reflected by slightly longer (0.03 Å) Fe-Fe and Fe-S s distances. There is also an increase of about 0.05-0.08 Å in the Fe-S thiolate distances in the optimized structure as compared to the crystal structure. This has contributions from the GGA functional used (the calculated bond lengths in Fe(SR) 4 -/2-are 0.05-0.07 Å longer than those in reported crystal structures using the same level of theory) and constraints imposed by the bulky trisarylthiolate ligand. 38 The calculated bond covalencies (total hole covalency of a donor ligand divided by number of Fe-donor ligand bonds) for µ 2 S sulfide , µ 3 S sulfide , and S thiolate are 35%, 24%, and 20%, respectively, which are a factor of 1.5 to 1.8 less than their experimentally observed total hole covalencies of 53%, 39%, and 36%, respectively (Table 2 ), for the model complex. A similar underestimation of covalency by using a pure density functional has also been found in DFT calculations of Fe 4 S 4 clusters. 26 In terms of per hole per ligand covalency, this difference corresponds to a 2% decrease in the calculations.
Though the calculated covalency is less than the experimentally determined covalency, the density of states (DOS) estimated from the DFT calculation on the optimized structure agrees well with the experimental pre-edge features (Figure 8 ). This indicates that the DFT calculations, although quantitatively underestimating the bonding in this cluster, give a reasonable description of the relative contributions of the different types of sulfur to the electronic structure description in the [Fe 3 S 4 (LS 3 )] 3-cluster.
A schematic energy diagram of the cluster showing the energy levels involved in the redox process is given in Figure 9 (Figure 9 ). 16 Note that the HOMO which is the redox active molecular orbital (RAMO) (2R in Figure 9 ) does not have significant µ 3 S sulfide character. However the experimental results (Table 2) clearly show an increase in µ 3 S sulfide covalency upon oxidation. This implies that there is electronic relaxation which changes the wave function on oxidation.
B (Table 4) . the µ 3 S sulfide to the Fe 3+ center and also the strong competitive charge donation by the µ 2 S sulfide decreasing its charge transfer to the Fe 2.5+ centers. The strong µ 2 S sulfide charge donation also decreases the charge transfer from the other µ 2 S sulfide , as the covalency of the Fe 2.5+ -µ 2 S bond (48%) and Fe 3+ -µ 2 S bond (64%) ( ] 0 cluster on the energies of the different spin states can be estimated by using an approximate relationship between the phenomenological superexchange coupling constant, J, and the covalency of the metal ions with the bridging ligands (eq 2). 21 The exchange coupling in reduced [Fe 2 S 2 ] + was determined to be J ) -360 cm -1 (this is the pure superexchange contribution, corrected for double exchange and vibronic coupling), 20 The double exchange parameter B is calculated, using DFT, from the ground-state energy difference of the bonding and antibonding combinations of the Fe 3d orbitals on the two metal centers representing the direct σ delocalization pathway (this is obtained from the energy (Figure 11b ). Oneelectron oxidation of the reduced S ) 2 stateproduces an S ) 3 / 2 state in the trimer (oxidation of 2R in Figure 9 ). 51 The calculated spin ladder for an [Fe 3 S 4 ] + cluster (Figure 11b) 
